Juvenile myoclonic epilepsy (JME) is a common form of generalized epilepsy that starts in adolescence. A major JME susceptibility locus (EJM1) was mapped to chromosomal region 6p21 in three independent linkage studies, and association was reported between JME and a microsatellite marker in the 6p21 region. The critical region for EJM1 is delimited by obligate recombinants at HLA-DQ and HLA-DP. In the present study, we found highly significant linkage disequilibrium (LD) between JME and a core haplotype of five single-nucleotide-polymorphism (SNP) and microsatellite markers in this critical region, with LD peaking in the BRD2 (RING3) gene (odds ratio 6.45; 95% confidence interval 2.36-17.58). DNA sequencing revealed two JME-associated SNP variants in the BRD2 (RING3) promoter region but no other potentially causative coding mutations in 20 probands from families with positive LOD scores. BRD2 (RING3) is a putataive nuclear transcriptional regulator from a family of genes that are expressed during development. Our findings strongly suggest that BRD2 (RING3) is EJM1, the first gene identified for a common idiopathic epilepsy. These findings also suggest that abnormalities of neural development may be a cause of common idiopathic epilepsy, and the findings have implications for the generalizability of proposed pathogenetic mechanisms, derived from diseases that show Mendelian transmission, to their complex counterparts.
Introduction
The epilepsies comprise an enormous diversity of disorders of heterogeneous etiology, manifestation, and prognosis. Almost half of all epilepsies have some genetic basis (Annegers et al. 1996) , but only a small proportion appear to display Mendelian inheritance. Many of our current beliefs about the molecular and cellular mechanisms in epilepsy derive from these examples, which are based on rare, large pedigrees. Such pedigrees received the most attention because they have been the simplest to study genetically. Although mutations in genes for ion channels, neuroreceptors, and neurotransmitters have been demonstrated in such rare, densely affected epilepsy pedigrees (Mulley et al. 2003) , the forms of epilepsy commonly seen in the clinic show neither the specific mutations nor any other mutations in genes identified in those pedigrees (Harkin et al. 2002; Kananura et al. 2002; authors' unpublished data) . In contrast to the rare Mendelian pedigrees, the common forms of idiopathic gen-eralized epilepsy (IGE) have a complex inheritance, even though the IGEs are thought to have an exclusively genetic basis (Greenberg et al. 1992 ). Not only do population studies (Tsuboi and Christian 1973; Beck-Mannagetta and Janz 1991) suggest an oligogenic mode of inheritance with interaction between loci, but a genome scan of individuals with adolescent-onset IGE demonstrated strong evidence of linkage to several loci, combinations of which may lead to specific epilepsy syndromes (Durner et al. 2001) . It seems unlikely that single gene mutations are sufficient to explain the molecular mechanisms for epilepsies with this model of complex inheritance.
Juvenile myoclonic epilepsy (JME [MIM 254770] ) is one of the most easily recognized IGEs of adolescence, diagnosable by the occurrence of bilateral, upper-limb myoclonic jerks on awakening (Janz and Christian 1957) . Studies of three separate family collections have reported significant evidence of linkage between JME and the major susceptibility locus EJM1 at chromosome 6p21, designated "EJM1" (Greenberg et al. 1988b; Weissbecker et al. 1991; Sander et al. 1997; Greenberg et al. 2000) . In addition to linkage, there is evidence of allelic association in this region, with a microsatellite allele located in the HLA class II region. This microsatellite is located in an intron of the BRD2 (RING3) gene (Greenberg et al. 2000) . Recombination mapping in families with JME has delimited the boundaries of EJM1 to a 1-cM region between the HLA-DQ and HLA-DP (DQ-DP) loci (Sander et al. 1997; Greenberg et al. 2000) . In the present study, we aimed to confirm and further refine gene localization of EJM1 and to search for molecular variants that might explain JME susceptibility in a complex genetic model.
Families and Methods

Study Design
Our earlier studies suggested that EJM1 was located between DQ and DP (Sander et al. 1997; Greenberg et al. 2000) , so we first sought evidence of association between JME and single SNP marker alleles in this region. Then, to increase informativeness of markers, we reconstructed two-locus haplotypes from data on consecutive SNPs. We performed case-control analysis, using these haplotypes, and, to guard against possible population stratification, we confirmed positive haplotype associations, using intrafamilial controls (untransmitted alleles) in haplotype relative-risk analysis (Falk and Rubenstein 1987) . Next, we searched for a common risk haplotype in families with positive LOD scores in the EJM1 region. Finally, we searched for mutations by sequencing exons and promoter sequences in BRD2 and adjacent genes that showed significant linkage disequilibrium (LD) with JME.
Families
We collected probands with JME and their families from physicians' practices, as described elsewhere (Greenberg et al. 2000) . We selected probands with typical forms of JME, in accordance with international classification guidelines (Commission on Classification and Terminology of the International League Against Epilepsy 1989). Twenty parent-offspring trios from families with positive LOD scores (10.1) at both of two EJM1 microsatellite markers, DQB1 and DRB1, were designated as the "EJM1 ϩ set." LOD scores for EJM1 ϩ families were 0.15-1.50, with a mean of 0.38. Alleles and haplotypes of probands in the EJM1 ϩ set were used as case data in the case-control analysis to find associations. Transmitted and untransmitted alleles and haplotypes in the EJM1 ϩ set were also used in transmission/disequilibrium testing. Institutional review board approval for this study was obtained from the appropriate institutions. All participating patients and family members gave their informed consent.
Controls
We used three control groups: The first consisted of 53 JME parent-offspring trios with negative LOD scores at EJM1 markers (EJM1 Ϫ ), collected at the same time and from the same population as EJM1 ϩ families. The second comprised laboratory controls, which consisted of 64 carriers of Wilson disease or spinal muscular atrophy from the Columbia Genome Center. We used the epilepsy control group because it represented a population similar to that from which the EJM1 ϩ case set was drawn, thus safeguarding against the possibility of selection bias in the case-control analysis. One theoretical disadvantage of using the epilepsy control group is the possibility of over-matching (i.e., an association cannot be demonstrated because case and control groups with JME might share too many allelic similarities at adjacent markers). We therefore used the laboratory controls as a second control group to check for over-matching in case-control analysis. Finding significant LD using each of the two control groups would therefore demonstrate that associated alleles or haplotypes are neither specific to populations with epilepsy nor a result of selection bias. Third, we used untransmitted alleles in the EJM1 ϩ set as internal controls for EJM1 ϩ transmitted alleles in haplotype relative-risk analysis.
DNA Preparation
DNA was purified from blood or lymphoblastoid cell lines, using the Puregene kit (Gentra Systems) according to the manufacturer's protocols. PCR amplification for all fragments was performed on either an MJ Research Tetrad thermal cycler or a Hybaid MultiBlock System under the following conditions: 32 cycles at 94ЊC for 2 min, with denaturation at 94ЊC for 30 s, annealing at 56ЊC for 30 s, and an extension at 72ЊC for 45 s, followed by a final extension at 72ЊC for 4 min.
SNP Discovery
We selected 150 SNPs from the National Center for Biotechnology Information (NCBI) database, but not all of these SNPs were found in our samples. We also identified new SNPs by DNA sequencing of the region, which we entered into the NCBI database. Ultimately, we were able to use 20 SNPs for association analysis, all from the DQ-DP region and with minor allele frequency 110%. The location of these SNPs, in relation to known genes in this region, is shown in figure 1 (top) . The genomic structure of BRD2 (RING3) and the CA repeat microsatellite in BRD2 (RING3), with which we had previously demonstrated association, is shown in figure 1 (bottom).
SNP Genotyping
Fluorescence polarization analysis of previously described mutations and polymorphic sites found during this study was done using the AcycloPrime-FP SNP detection kit (Perkin Elmer Life Sciences) according to the manufacturer's protocol. Fluorescence measure-
Figure 1
DQ-DP region on human chromosome 6, SNP markers, and genomic structure of BRD2 (RING3). Top, arrows along the chromosome denote genes, which are labeled, and their direction of transcription; asterisks denote SNP markers. Bottom, BRD2 (RING3) gene exploded to show the relation of the exonic sequences with SNPs, the CA repeat microsatellite, and other DNA variations. ments were performed on fluorescence microplate analyzer (LJL BioSystems).
Sequencing and Mutation Analysis
Sequences of coding and promoter regions of BRD2 (RING3), PPP1R2P1, DMA, DMB, and DNA genes were determined on the ABI 310 automated sequencer using the ABI Taq2 sequencing kit according to the manufacturer's protocol. Presequencing PCR clean-up was done by enzymatic degradation of primers and dNTPs, using exonuclease I and shrimp alkaline phosphatase cocktail.
Statistical Analysis
We first performed unmatched case-control analyses on single SNPs, generating odds ratios (ORs) with 95% CIs. To increase informativeness of the markers, we then generated consecutive two-locus haplotypes, reconstructing haplotypes from genotypic data, using GENEHUNTER (Kruglyak et al. 1996) . We compared allele (for single SNPs) and two-locus haplotype frequencies in the EJM1 ϩ set with frequencies in two separate control groups: EJM1 Ϫ families and nonepilepsy controls. We used both case-control analysis and the haplotype relative risk (HRR) design (Falk and Rubenstein 1987) to test for LD. The HRR method eliminates potential population stratification, which might occur if underlying allele frequencies differed in the case and control populations from which the families were drawn. However, the HRR design, which is restricted to one control per case, has lower statistical power to detect an association than does the case-control analysis, which uses roughly three controls per case. After finding twolocus associations, we identified a longer common risk haplotype spanning five SNP and microsatellite markers. We calculated ORs of association for the common core haplotype and computed the power of our data set to detect this association, under the assumption of a twosided type I error rate of 5%. All analyses were performed using Stata for Macintosh (StataCorp 1996) .
We used computer simulation (Greenberg et al. 1999 ) to assess the true significance of two-locus haplotype associations (i.e., type I error). Computer simulation offers a more realistic estimate than does conventional Bonferroni correction. In this genetic context, Bonferroni correction gives an overly conservative estimate of type I error, because it does not take into account the nonindependence of adjacent alleles in the presence of LD. In the simulation, we randomly generated 20 equally spaced biallelic markers that incorporate known LD in the DQ-DP region. We assumed no recombination between the markers and no association with disease. We simulated 10,000 data sets of case and control families, each data set being the same size as the EJM1 ϩ and control sets, and we analyzed the resulting simulated data exactly as we analyzed our actual data. We counted the number of data sets in which one marker, or a consecutive two-locus or longer haplotype, showed random association with disease in these 10,000 data sets, to determine an empirical and more realistic P value for our case-control analyses.
Results
LD with JME
Single-SNP case-control analyses suggested eight allelic associations in the DQ-DP region. These all occurred in or adjacent to the BRD2 (RING3) gene and its promoter region (table 1) . Case-control analyses using consecutive two-locus haplotypes confirmed single SNP analysis findings. The results were similar whether the EJM1 Ϫ set or the nonepilepsy set was used as a control. We found three almost-consecutive JME-associated two-locus haplotypes spanning ∼41 kb of the DQ- NOTE.-C p EJM1 Ϫ controls; Hap p haplotype; nT p nontransmitted chromosomes of EJM1 ϩ trios; T p transmitted. A core haplotype of five markers (last row), centered on these associated haplotypes, confers a 4-to 10-fold increased disease risk over other haplotypes. Case-control analyses for this haplotype had an 87%-89% power to detect this association. A longer haplotype (not shown) of 11 markers (rs2071556 to rs497058) that includes promoter SNPs is found in six probands with EJM but is present only in two laboratory controls and in one EJM1 Ϫ control. a HRR indicates five consecutive haplotypes in or around BRD2 (RING3) (rs206787 to rs497058) in LD with disease; three of these haplotypes are also significantly associated in case-control analysis using one or both sets of external controls.
b Statistically significant associations are underlined.
Figure 2
LD across the EJM1 region. Curves depict the change in two-locus HRR (squares), and ORs against EJM1 Ϫ controls (triangles) or nonepilepsy controls (circles) at points along the critical region. Each symbol denotes the association at the midpoint between two adjacent SNPs; data points are shown joined by a continuous line. The approximate location of genes is shown along the X-axis. Exact values for relative risk and ORs are given in table 2. Note the sharp increase in LD around the BRD2 (RING3) gene and promoter SNPs. DP region. This region included BRD2 (RING3) and HLA-DMB genes (table 2 and fig. 2 ). Simulations, which incorporated the known LD in the region and the SNP allele frequencies, showed that the association with two consecutive SNP markers was highly significant (P ! ). Further, the association with three consecutive .0016 two-locus haplotypes was very highly significant (P ! ). In 10 of the 20 EJM1 ϩ individuals, haplotype .0001 analysis identified a common core haplotype that was centered between markers rs620202 telomerically and rs2066741 centromerically, a distance of 2,256 bp. A further five individuals had a similar haplotype, differing by only one allele; the remaining five individuals differed by two or more alleles. This core haplotype was located in the BRD2 (RING3) gene itself (table 3) and conferred an increased disease odds of 6.45 (95% CI 2.36-17.58) in case-control analysis with nonepilepsy controls, 9.58 (95% CI 2.97-30.63) with EJM1 Ϫ controls, and 3.89 (95% CI 1.46-10.37) with HRR analysis. Nine of ten EJM1 ϩ individuals were heterozygous for the risk haplotype, which was consistent with our LOD score maximization under a dominant model at EJM1 (Greenberg et al. 2000) . Our association findings therefore confirmed and refined previous localization of EJM1 by linkage.
Mutation Detection
So far, none of the common SNPs in coding regions were predicted to lead to a change in amino acid sequence. We had noted that two of the strongly associated SNPs occurred in the BRD2 (RING3) promoter region, but with unknown functional significance. In the next step, we sequenced BRD2 (RING3) and neighboring genes in the 20 EJM1 ϩ probands, searching for alterations of DNA sequence leading to known genetic dis- turbances, such as missense mutations in coding regions, splice variants, or promoter mutations. We assessed 11 rare DNA variations against the EJM1 Ϫ and control sets ( fig. 1 [bottom] ): the frequency of variations in EJM1 ϩ sets was not different from control sets (table 3) . We then extended mutation screening to adjacent genes that were near enough to BRD2 (RING3) to be within the region implicated by LD mapping and haplotype analysis. We tested for mutations in all exons and splice sites of PPP1R2P1, HLA-DMA, and HLA-DMB genes, which are centromeric to BRD2 (RING3), and HLA-DNA, which is telomeric to BRD2 (RING3), in four families with the highest LOD scores for 6p21 markers. All the DNA variants we found in these genes have been described elsewhere as SNPs and are thought to be neutral variants. In summary, we found no alternative causative mutations or polymorphisms by sequencing of exons and splice sites, but we did find two strongly associated SNPs in the BRD2 (RING3) promoter region, which were of uncertain relevance.
Discussion
This is the first study to precisely localize a gene for a form of idiopathic generalized epilepsy commonly found in the population. The location of a gene for JME at chromosome 6p21 was originally discovered by linkage analysis and confirmed by several independent studies of the common form of JME (Greenberg et al. 1988b; Durner et al. 1991; Weissbecker et al. 1991; Sander et al. 1997) . A separate group detected some evidence for linkage of JME in the HLA region (highest LOD score 1.4) at a high recombination fraction, but it was dismissed as not being statistically significant (Whitehouse et al. 1993) . These studies, which involve subjects from various geographic regions, also provide evidence that this JME locus is found in several different populations.
The boundaries of the critical region for EJM1 at 6p21 have been delimited, by obligate recombinants in two families, to a 1-cM region between DQ and DP (Sander et al. 1997; Greenberg et al. 2000) . We have now demonstrated strong LD between JME and markers in this critical region. LD peaks at markers within the BRD2 (RING3) gene and its promoter region, a gene with which we had previously demonstrated allelic association with a microsatellite marker. We have demonstrated that this strong association is unlikely to have resulted from either chance or population stratification. Our findings therefore strongly suggest that BRD2 (RING3) is EJM1, a major susceptibility gene for a common form of JME.
Sequencing of exons, as well as exon-intron boundaries, failed to reveal any obvious causative mutations in the BRD2 (RING3) gene. However, we found two strongly disease-associated SNP variants in the promoter region, which may lead to altered expression of BRD2 (RING3). Although the significance of these promoter variants is as yet uncertain, several lines of evidence lend support to the suggestion that BRD2 (RING3) is EJM1 and to the likelihood that promoter variants contribute to disease susceptibility. The localizing evidence that ties BRD2 (RING3) to EJM1 is discussed above; below, we discuss the relevance of an oligogenic model of inheritance for JME, and we outline the putative biological role of BRD2 (RING3), showing that it is a credible candidate gene for JME. JME has an age-dependent, variable phenotype that overlaps with other common forms of adolescent-onset IGEs. Specifically, JME is defined by the occurrence of characteristic myoclonic jerks on awakening, but individuals with JME may also have generalized tonic-clonic or absence seizure types. Our previous linkage findings in the adolescent-onset IGEs (Durner et al. 2001 ) supported the oligogenic model in which epistatic interactions between loci influenced the expression of these individual seizure types (Greenberg et al. 1988a ). Strong evidence of linkage (LOD score 4.4 or 5.2 [multipoint or two-point]) on chromosome 18 suggested that this locus conferred susceptibility to all adolescent-onset IGEs, possibly interacting with a modifying locus (EJM1) on chromosome 6 for myoclonic seizures and with loci on chromosomes 5 and 8 for nonmyoclonic (generalized tonic-clonic and absence) seizures (Durner et al. 2001 ).
Unlike the rare forms of IGE reported in densely affected pedigrees, the common form of JME is not a monogenic disorder in which single mutations correlate strongly with disease expression. It is apparent from the above oligogenic model that a single critical mutation in BRD2 (RING3), sufficient by itself to cause disease manifestation, would preclude an interactive role for other loci and might not be compatible with the complex pattern of inheritance observed in typical families with JME. A hypothesis more consistent with the known observations is that a disturbance in the transcription of BRD2 (RING3), which might not have severe consequences by itself, could lead to expression of seizures in conjunction with genetic variants at interacting loci. Continuing from this genetic model, one of the interacting genes is likely to be located within the major susceptibility locus that we have studied on chromosome 18 (Durner et al. 2001) . To summarize, individual seizure types in IGE may result from the interaction of genetic variants. Separate loci are probably insufficient by themselves to lead to seizure expression, but each contributes to disease susceptibility. This model is consistent with the observed pattern of epilepsy and seizure distribution within families of probands with IGE.
To date, assumptions about the function of genes involved in the pathogenesis of IGEs have largely been drawn from the study of rare, densely affected Mendelian pedigrees (Mulley et al. 2003) . Investigators have reported simple gene mutations associated with serious disruption of ion-channel and neuroreceptor function. So far, we have been unable to find mutations in either GABRG2 genes or KCNAB1 genes in probands with common forms of JME or IGE (Evgrafov et al. 2002; authors' unpublished data) . These negative findings are in agreement with the original reports of GABRG2 mutations in epilepsy: no additional mutations were found in affected family members from 10 "GEFS-like" families (Baulac et al. 2001) , nor were GABRG2 mutations found after screening 200 patients with IGE (Harkin et al. 2002) and 135 patients with idiopathic absence epilepsy (Kananura et al. 2002) . These findings in rare pedigrees reinforce our understanding of the role of ion channels and neuroreceptors in normal signal transmission in the CNS. However, the known role of BRD2 (RING3) and related genes suggests the involvement of far more complex and sophisticated mechanisms in the pathogenesis of common forms of IGE than those that are suggested by reports of pedigrees with Mendelian transmission of epilepsy.
BRD2 (RING3) belongs to a highly conserved subfamily of double bromodomain-containing proteins related to the Drosophila female sterile homeotic (fsh) gene, which has an important function in development and appears to interact genetically with the trithorax locus (Gans et al. 1975 (Gans et al. , 1980 Digan et al. 1986 ). There are four members of the fsh subfamily in mice and humans, all of which are characterized by the presence of two bromodomains and an extra-terminal (ET) domain. The mouse homologue of BRD2 (RING3), first designated as "Fsrg1," is expressed ubiquitously but occurs at its highest levels in ovary, testis, placenta, and hormonally modulated epithelia (Rhee et al. 1998) . Fsrg1 is also expressed in the mouse embryo, notably in the developing brain and CNS (Rhee et al. 1998 ; T. Crowley, K. Rhee, M. Brunori, and D. Wolgemuth, personal communication). The Fsrg1 protein participates in nuclear protein complexes that include E2 promoterbinding factor (E2F) proteins, transactivating the promoters of several important cell cycle genes that are dependent on E2F . The localization of Fsrg1 protein on euchromatin is consistent with its hypothesized function as a transcriptional regulator (Crowley et al. 2002) . A nuclear/cytoplasmic translocation of Fsrg1 protein has been observed, both in cultured mouse fibroblasts and in mammary epithelial cells during the reproductive cycle, correlating with both proliferation and apoptosis Crowley et al. 2002) . The rat homologue of RING3 is also induced during the early stages of programmed neuronal cell death in experimental conditions (Wang et al. 1997) , suggesting a role in the modeling of the developing nervous system. BRD2 (RING3) shares at least 95% homology with murine Fsrg1 at the protein level and is expressed in human brain.
Although it has not been extensively studied in humans (Thorpe et al. 1997 ), a role for BRD2 (RING3) in regulating brain development is likely, and errors in regulation might explain the basis of this form of JME. The likelihood that BRD2 (RING3) plays a role in the brain is especially interesting in light of evidence of abnormal cerebral microanatomy in JME. Neuropathological studies have shown a diffuse increase of single dystopic neurons in the stratum moleculare and in the subcortical white matter in JME and other idiopathic generalized epilepsies (Meencke and Janz 1984) . Quantitative magnetic resonance imaging analysis suggests an increase in cortical gray matter in the mesial frontal lobes of living patients with JME, which lends further support for a pathological mechanism resulting in subtle cerebral structural abnormality (Woermann et al. 1999 ). In the framework of an oligogenic model, we can postulate that BRD2 (RING3) promoter variants may lead to abnormal structural and/or functional interaction with other proteins involved in controlling particular stages of brain development. The function of BRD2 (RING3) as a transcriptional regulator is consonant with an interactive role in a more complex pathway. Abnormalities in a developmental pathway might result in neural cell overgrowth or lack of programmed cell death in specific regions of the brain. These abnormalities may result in disorganized neuronal connectivity and regions of neocortical hyperexcitability, leading to clinical seizures, a mechanism of epileptogenesis already well established in genetic cortical dysplasias (see Flint and Kriegstein [1997] for review). Persisting morphological and functional abnormalities might also explain the poor prognosis for seizure remission in JME.
Taken together, the genetic evidence implicating BRD2 (RING3) as EJM1, the oligogenic model of pathogenesis for common IGE, and the putative role of BRD2 (RING3) in the development of the CNS strongly suggest that BRD2 (RING3) is EJM1 and that variations in the initiation of BRD2 (RING3) transcription may be important in the molecular pathogenesis of JME. Although the SNP variants in the BRD2 (RING3) promoter do not appear to have a dramatic effect, findings in other common complex diseases have suggested that dramatic changes are not the rule. For example, in a recent study of the common forms of migraine, investigators found five associated SNPs in the insulin receptor gene (INSR), which had previously been localized by linkage (McCarthy et al. 2001) . None of the INSR SNPs affected transcription, translation, or protein expression. Similarly, SNPs associated with Crohn disease in the 5q cytokine cluster have not been shown to disrupt either amino acid sequence or the regulatory region of a known gene (Rioux et al. 2001) . Both these studies, like our own, offer persuasive localizing evidence, but we must await investigation of interacting genes and biological pathways to explain the pathogenetic role of SNP associations.
